Abstract
Introduction

Celiac disease, a chronic inflammatory disorder of the small intestine, is caused by a pathological immune response to ingested wheat gliadin. The disease develops in genetically susceptible individuals who bear human leukocyte antigen (HLA)-DQ2 or HLA-DQ8 molecules, and is characterized by villous atrophy and crypt hyperplasia, which cause malabsorbtion and myriad of other clinical symptoms
. In the gut mucosa of patients with active celiac disease, proteolytically resistant gliadin fragments cross the small intestinal epithelium, and are presented to DQ2-or DQ8-restricted CD4
ϩ [4] [5] [6] . An example of such immunodominant CD4 ϩ T-cell peptide is the 33mer peptide, encompassing residues 56-88 of ␣-gliadin [7] .
T cells. The immunogenicity of gliadin peptides generally increases on deamidation by tissue transglutaminase. This enhances binding affinity of the peptides for HLA-DQ2 or HLA-DQ8 molecules on antigen-presenting cells (APCs), such as dendritic cells (DCs) or macrophages
Once activated by peptide-loaded HLA molecules of APCs, gliadin-specific CD4 ϩ T cells expand and produce high levels of INF-␥ and other pro-inflammatory cytokines which in turn stimulate other cells, such as natural killer T cells and CD8 ϩ intraepithelial T lymphocytes in the intes-
tinal mucosa, thus amplifying inflammation and damage of the small intestine [8, 9] . Nevertheless, growing evidence indicates that innate immune cells, including epithelial cells [10, 11] , monocytes/macrophages [12] [13] [14] and DCs [15] [16] [17] [10, 18] . # [19, 20] . DCs [22, 23] . The prominent features of immature/early mature DCs are low-speed migration and strong interaction with extracellular matrix components via podosomes [24] [25] [26] [27] , the structures consisting of actin-dense core surrounded by a ring of vinculin, paxillin, talin and other integrin-linked adaptor molecules, respectively [28] . The presence of podosomes appears to be incompatible with high-speed migration observed in mature DCs [24] . In contrast, highly motile mature DCs reduce the number and strength of cell-substratum contacts and possess the characteristic actin-rich protrusions called dendrites, or veils, which maximize the contact area for scanning of the potentially reactive naive T cells [27, 29, 30] .
contribute directly to disease pathogenesis. For example, the non-immunodominant ␣-gliadin-derived
31-43 peptide, which does not induce T-cell-specific responses in the gut, was reported to have immune-stimulating effects
DC migration to LNs is directed by the chemokine receptor CCR7 [31] , expression of which is up-regulated during DC maturation. The receptor responds to two ligands, the chemokines CCL19 and CCL21 [32] [33] [34] , which are produced by peripheral lymphatic endothelial cells and LN stromal cells and are responsible for guiding of maturing DCs [22] . The homing CCR7 receptor, however, can be expressed in a biologically 'insensitive' state and requires additional signals, such as cysteinyl leukotrienes and/or prostaglandin E2 (PGE2) for sensitization [35] [36] [37] . The mechanism, by which these signals alter CCR7 function, is unclear. Most probably, it involves an alteration of the signalling cascades activated upon CCR7 binding of ligands [23, 38] and/or mediation of the DC transition from the adhesive to the high migratory phenotype [24] .
Human DCs that are treated with gliadin peptic fragments enhance expression of maturation markers, Th1 cytokine production and in vitro capacity to stimulate allogeneic T cells [16] 
Materials and methods
Antibodies and reagents
␣-gliadin-derived peptides and gliadin peptic fragments generation
The ␣-gliadin-derived 33mer peptide [amino acid (AA) 56- 
Generation, handling and treatment of DCs
DCs were generated, handled and treated as described [16] (Fig. 1B) , showing that gliadin-induced migratory behaviour of DCs was not due to LPS contamination. Fig. 2A) . After treatment of DCs with gliadin fragments (200 g/ml) or LPS (1 g/ml) for 24 hrs, an induction of actin-rich protrusions, as well as substantial podosome dissolution, were observed ( Fig. 2A) . The extent of the podosome loss induced by gliadin fragments was dose-dependent (100 versus 200 g/ml), as quantified in Figure 2B . These data, thus, demonstrate that gliadin fragments induce cytoskeletal remodelling and mediate the morphological transition from iDC to mature DC.
RT-PCR
Gliadin fragments induce cytoskeletal remodelling
Gliadin fragments up-regulate CCR7 expression in DCs
Since gliadin fragments also promoted chemotactic responsiveness of DCs to CCL19 and CCL21 chemokines, we next examined whether gliadin fragments induce the expression of the chemokine receptor CCR7. As assessed by RT-PCR, gliadin digest up-regulated CCR7 mRNA expression after 24 hrs of cell stimulation (Fig. 3A) . These data were confirmed by flow cytometry, which revealed enhanced surface expression of CCR7 after 24 hrs of cell stimulation with gliadin fragments (Fig. 3B) . Moreover, after prolonged stimulation for 48 hrs, surface expression of CCR7 induced by gliadin fragments was even more pronounced, as observed for both of the gliadin digest doses (100 and 200 g/ml), (Fig. 3B) . This demonstrates that gliadin fragments promote chemotactic responsiveness of DCs through up-regulation of CCR7 expression. [36, 38, 39] . Thus, we examined the expression of the inducible and rate-limiting enzyme in prostaglandin synthesis, COX-2 [40, 41] and prostaglandin PGE2 production by gliadin-treated cells. (Fig. 4A) . The same kinetics was also observed for the COX-2 protein level, as determined by Western blots of cell lysates (Fig. 4B) . (Fig. 4B versus C) . Hence, gliadin fragments promote expression of functional COX-2 enzyme leading to an increase in PGE2 production.
Fig. 1 Gliadin fragments promote spontaneous as well as chemotactic DC migration. (A) Spontaneous DC migration (migration of DCs towards the chamber without chemokines) and chemotactic DC migration (migration towards the chamber supplemented with 200 ng/ml of CCL19 or CCL21) were measured after 24 or 48 hrs of cell exposure to gliadin fragments (Gl100, 100 g/ml; Gl200, 200 g/ml), or LPS (1 g/ml). Data are expressed as a migration index and represent the means Ϯ S.D. of at least six independent experiments. *P Ͻ 0.05 versus iDC (unstimulated DCs). (B) To confirm that migration was not due to any potential LPS contamination of the gliadin digest, DCs were pretreated with blocking TLR4 mAb at 20 g/ml for 1 hr and then stimulated for 24 hrs with gliadin fragments (Gl200 g/ml) or LPS (1 g/ml). The DC migration was assessed as above. Data represent the means Ϯ S.D. for at least two independent experiments. With versus without anti-TLR4 mAb; *P Ͻ 0.05.
Gliadin fragments up-regulate COX-2 expression, leading to PGE 2 production
Enhancement of surface expression of CCR7 is necessary but not sufficient for effective chemotactic migration of DCs toward CCL19 or CCL21
In cells treated with gliadin fragments or LPS, COX-2 mRNA level increased after 6 hrs, after which it slowly decreased throughout 24 hrs
To verify the functionality of the induced COX-2 enzyme, we further measured PGE2 production by DCs exposed to gliadin fragments or LPS, using EIA. Indeed, PGE2 synthesis was induced by gliadin fragments, albeit at markedly lower levels (reaching 200 pg/ml in 12 hrs), as compared to LPS treatment (reaching 1200 pg/ml in 12 hrs), (Fig. 4C). The kinetics of PGE2 production, as well as the amount of secreted PGE2, correlated well with COX-2 protein levels detected by Western blot
␣-gliadin-derived 31-43 peptide is an active migration-inducing component of the digest
We sought to identify the active component of the mixture of gliadin fragments responsible for induction of DC migration. Therefore, we tested the capacity of the previously characterized ␣-gliadin-derived 31-43 and 33mer peptides [7, 18] to induce DC migration. As shown in Figure 5 , stimulation of cells with 100 g/ml of the synthetic [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] As shown in Figure 6 , when the p38 MAPK inhibitor SB203580 was present during DC stimulation by gliadin fragments or LPS, induction of spontaneous (Fig. 6A) (Fig. 6A-C) (Fig. 7A and B) . Moreover, Figure 7C (Fig. 7D and E) .
, as well as CCL19-and CCL21-stimulated chemotactic migration was substantially impaired (Fig. 6B and C). Diminished numbers of DCs migrating towards the lower transwell chamber with the chemokines were observed upon 24 hrs of cell stimulation with gliadin fragments or LPS in
In summary, these results document the critical role of the p38 MAPK signalling in gliadin-induced DC migration via control of cytoskeletal remodelling, surface CCR7 up-regulation and induction of COX-2 and PGE2 synthesis. [42, 43] . DCs can, however, be mobilized by molecules signalling 'danger' to mature and to increase their migration from the periphery to the LNs, which consequently leads to the generation of adaptive immune responses [22, 43] [14, 17, 44] [14, 17] . In genome-wide association studies of celiac disease, indeed, the risk regions which harbour genes controlling immune responses were identified [45] [46] [47] [48] . In addition, the myosin IXB (MYO9B) gene, proposed to regulate actin remodelling in epithelial enterocytes and thus the intestinal barrier permeability and flux of gliadin fragments into the deeper mucosal layer, has been reported to be genetically associated in a Dutch [49] , but not in a British cohort [50] . Other mucosal factors and environmental co-factors, comprising drugs, viruses and/or intestinal bacteria may, however, also contribute to dysregulation of intestinal homeostasis, including functionality of T regulatory cells and production of cytokines, and to be involved in disease development [2, [51] [52] [53] . Taken together, the activation of immune system and gliadin flux has to be controlled in the intestine of healthy donors, and the identification of the exact mechanisms will be of great importance. It was reported previously that gliadin fragments induce activation of p38 MAPK signalling pathway in human DCs, which was shown to be crucial for gliadin-triggered up-regulation of maturation markers and cytokine production [16] . As summarized in the model shown in Figure 8 , we report that the molecular mechanism by which gliadin promotes DC migration might also rely on the activation of the p38 MAPK signalling pathway, leading to a cytoskeletal remodelling that involves podosome dissolution, as well as to the surface up-regulation of CCR7 and increased synthesis of PGE2.
Discussion
DCs have a crucial role in maintaining the balance between immunity and tolerance via continuous sampling, transport and presentation of both pathogenic and harmless antigens. Under normal, steady-state conditions, DCs continually migrate from the periphery to LNs, which might contribute to the tolerance of T cells against self and non-dangerous antigens
. We found that fragments resulting from peptic digestion of the food component gliadin promote migration of DCs in vitro. The gliadin peptic fragments significantly enhanced the migration of DCs in the presence, as well as in the absence, of the LN-homing
. Nevertheless, the in vitro production of tumour necrosis factor-␣ and IL-8 by monocytes and the stimulation of autologous T cells by gliadin-activated DCs is higher in active celiac patients, compared to other groups, suggesting that immune cells of healthy controls may dampen more effectively the gliadin-induced responses
Indeed podosomes, specialized adhesion structures, were reported to impede high-speed migration of mature DCs [24] , and CCR7 is the dominant regulator of DC mobilization from the periphery to LNs [31] . Nevertheless [55, 56] .
The molecular details of the interaction of gliadin fragments with DCs and/or monocytes/macrophages have not yet been clarified [57] . The complexity of gliadin fragments in the digest might, indeed, enable individual gliadin peptides to target various membrane receptors, although the non-receptor mediated transport of small gliadin peptides (self-penetration of the peptides) into cell cytosol and subsequent activation of intracellular receptors should also be considered [58] . Recently, binding of gliadin to the CXCR3 in the intestinal mucosa was reported [59] . The gliadin-induced effects were further shown to depend on the MyD88 adapter molecule, while being independent of the TLR4-and TLR2-signalling [13] . Consistent with this, we also report here that the gliadin-induced DC migration is independent of the TLR4 signalling.
In 
